One contribution of 17 to a theme issue 'Biodiversity and ecosystem functioning in dynamic landscapes'. Ecosystems managed for production of biomass are often characterized by low biodiversity because management aims to optimize single ecosystem functions (i.e. yield) involving deliberate selection of species or cultivars. In consequence, considerable differences in observed plant species richness and productivity remain across systems, and the drivers of these differences have remained poorly resolved so far. In addition, it has remained unclear if species richness feeds back on ecosystem functions such as yield in real-world systems. Here, we establish N ¼ 360 experimental plots across a broad range of managed ecosystems in several European countries, and use structural equation models to unravel potential drivers of plant species richness. We hypothesize that the relationships between productivity, total biomass and observed species richness are affected by management intensity, and that these effects differ between habitat types (dry grasslands, grasslands, and wetlands). We found that local management was an important driver of species richness across systems. Management caused system disturbance, resulting in reduced productivity yet enhanced total biomass. Plant species richness was directly and positively driven by management, with consistently negative effects of total biomass. Productivity effects on richness were positive, negative or neutral. Our study shows that management and total biomass drive plant species richness across real-world managed systems.
Introduction
Terrestrial ecosystems managed for autotrophic biomass production are often notoriously species-poor. One of the main reasons for their low biodiversity is that the target species to be harvested are deliberately selected to be either monocultures or mixtures of planned combinations of species. That is, both the number and identity of species are anthropogenically adjusted to the delivery of provisioning ecosystem services such as yield. Species numbers may vary from monodominant stands with associated arable weeds (e.g. Zea mays, Triticum aestivum) to multispecies communities in mixed cropping (e.g. cereal-legume mixtures) or grassland systems (e.g. clover/grass leys, [1] ). Apart from the deliberately sown numbers or combinations of species, the intensity and type of management has been shown to strongly influence plant species richness. For example, grazing and mowing are selective disturbances (physical damage to vegetation, [2] ) that may promote high plant diversity at moderate intensities [3] [4] [5] , depending on disturbance frequency and intensity [6, 7] .
Managed ecosystems are, however, subject to spatio-temporal changes in species numbers [8] , especially if management intensity varies over time [9] . For example, cessation of management such as fertilizer or pesticide input may lead to increases in plant biodiversity from species-poor states [10] . In consequence, production systems may differ considerably both in observed plant species richness and productivity, with a disruption of the interrelation between biodiversity (or species number) with ecosystem services in contrast to natural species turnover (see [7, 8] this issue). However, understanding the differences in species numbers in response to interacting drivers [11] has remained challenging.
A broad body of research has shown that species richness may feedback on productivity or yield [12] , which has stimulated a lively debate about the direction of causality in diversity-productivity relationships [13] [14] [15] . Some studies support productivity emerging from diversity, some argue for a functional influence of productivity on diversity, whereas others report no significant relationship, at least not with the long-established simplistic bivariate relationships [15, 16] . Today, the use of multivariate frameworks is emphasized [13, 16] , as ecological systems are driven by numerous, interconnected processes operating simultaneously. Increasingly, network approaches such as directed acyclic graphical models or structural equation models are used to understand species interactions, trait-trait relationships or interactions among ecosystem processes [17] . In line with this, studies have shown that multivariate response/effect frameworks explain ecosystem patterns far better than bivariate relationships [18] [19] [20] [21] [22] [23] .
In this study, we focus on the effects of management on species richness of primary producers. Given the predicted scenarios of land use change and expansion of agricultural land in the future ( [24, 25] for overview), a clear understanding of the effects of management on plant species richness is crucial for landscape management and nature conservation, as biodiversity is increasingly becoming a management target [26] .
We test an integrated causal hypothesis involving proposed effects of management regimes (grazing, mowing and fallow) on observed plant species richness across three major ecosystem types (dry grasslands, grasslands and wetlands) from The Netherlands, Denmark and Germany. The models test a general hypothesis of the effects of management on biomass removal (i.e. disturbance); the responses of both total biomass (maximum standing crop plus litter) and productivity to disturbance; and the effects of management, disturbance, biomass and productivity on observed species richness.
In particular, we test:
(i) Whether total biomass (often used as surrogate for productivity) or actual productivity (the amount of biomass produced per area and time) are better predictors of plant species richness across ecosystems. (ii) Further, we test the specific prediction of the humpshaped model (HSM [4, 27] ) that the effect of disturbance and stress on species richness is mediated through total biomass, or alternatively, if the effects are direct. (iii) Finally, we test whether diversity feeds back on productivity in real-world systems.
Material and methods (a) Study sites and data collection
Our study comprised N ¼ 360 plots in dry grasslands, grasslands, and wetlands across four major study regions in three European countries (The Netherlands, Northern Germany and Denmark).
On each plot, we established exclosures to impede local management (grazing, mowing). We measured above-ground plant biomass, net primary productivity and plant species richness. All measurements were performed within the framework of [28, 29] . For the purpose of this study, we differentiated three major habitat types that are globally well recognized in the scientific literature: (i) 'dry grasslands' (n ¼ 57), defined as herbaceous vegetation on 'climatically or edaphically dry sites, typically on poorly developed soils' [30] -in this study, heathlands on sandy soil were included in this group; (ii) 'grasslands' (n ¼ 105), defined as areas of land dominated by grasses, legumes and forbs-in our study, grasslands were either meadows, pastures or fresh grasslands; and (iii) 'wetlands' (n ¼ 198), defined as areas of land characterized by static or flowing water, including coastal environments with less than 6 m water depth-in this study, wetlands comprised salt marshes, wet meadows and reeds.
In dry grasslands, the dominant species were Vaccinium vitisidea and Agrostis capillaris, whereas the grass species Lolium perenne, Elymus repens, Festuca rubra and Agrostis stolonifera were most frequent in grasslands. Species composition in salt marshes changed along the elevation gradient from the lower marsh (e.g. Aster tripolium, Puccinellia maritima) to the upper marsh (e.g. Elymus athericus, Festuca rubra) [31] . The most frequent species in brackish marshes were Scirpus maritimus, Poa trivialis and Carex acutiformis. The dominant species in reeds was Phragmites australis, with Scirpus maritimus, Agrostis stolonifera and Phalaris arundinacea occurring less frequently.
Management regimes differed between the habitat types and between the study areas. When management was absent, plots were classified as 'fallow'. Anthropogenic disturbance comprised either mowing or grazing, and were assigned categorical values 0 and 1 in the dataset.
Disturbance was measured as per cent biomass removal as follows: on managed sites, subplots with a size of 2.25 Â 2.25 m were fenced to prevent both mowing and grazing (total plot size approximately 20 m 2 (figure 1), B.2 for photo image). Community above-ground biomass was then sampled both inside and outside the fence on each plot from randomly selected 1 m 2 subplots in March and August, representing the beginning and peak biomass periods [32] . Samples were oven dried at 708C for 72 h and weighed. The influence of management in per cent was calculated by dividing the values inside and outside the exclosures, times 100. The parameter 'disturbance' was calculated as the sum of (i) the herbage consumed by the cattle and biomass removed by mowers; and (ii) losses of herbage due to trampling, as a percentage of maximum standing biomass at each plot.
'Total biomass' was sampled in August of each study year, defined as the sum of above-ground living and dead plant material.
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150284 'Productivity' (i.e. above-ground net primary productivity) was defined as the difference between living biomass at the peak and beginning of the growing season. For this, March and August standing biomass samples were sorted into living and dead plant material (following 'method 3' in [33] ). All biomass sample values correspond to 1 m 2 per plot. Species composition and abundance were assessed by frequency analysis using a 1Â 1 m frame subdivided into 100 grids of 0.1Â 0.1 m. Nomenclature followed [34] [35] [36] [37] . Further details of the study design for each project (except Comtess) can be found in [38] (Sequester), [22] (Treibsel) and [35, 39] (Vista).
(b) Statistical analysis
All data were analysed using R v. 3.1.0 [40] . Structural equation models were fitted using the R package lavaan [41] . We first scaled all numeric variables to a numeric range of f0:4g by dividing through powers of 10 [42] . We then set up a sequence of alternative models, starting with an initial structural equation metamodel [43] (figure 2), which was refined using ecological knowledge and modification indices. In particular, we allowed for direct links from grazing to productivity and plant species richness, and from mowing to productivity. The resulting models showed considerable improvements to model fit, as indicated by model fit indices (x 2 , residual mean square error of approximation, AICc). We calculated a 'global model' across all habitat types, and three separate models fitted as multi-group models with the three different habitats as a grouping variable. We tested all multi-group models for measurement invariance (with increasingly stronger constraints on parameters) using the function 'measurementInvariance' in the semTools package (v. 0.4 -9, [44] ) in R. In addition, we set up individual models separately for each group. To clarify potential feedbacks from richness to productivity, we ran our multi-group model again with a causal loop between productivity and richness; this was possible because richness was externally controlled by grazing.
To account for potential non-normality, we used the MLMVS estimator (robust Satorra-Bentler correction) to estimate standard errors of parameters. We assumed exogenous covariates (grazing, mowing) to be fixed. Intercepts and covariances of all observed variables were estimated from the data. In addition, we refitted the models using bootstrapping to confirm parameter estimates. In the initial model, we expected both management regimes (grazing and mowing) to positively affect the degree of disturbance. We indicated this by positive relationships between both grazing and mowing and disturbance in figure 2. Disturbance on the other hand increases productivity, but prevents accumulation of dead biomass [45] . We included a causal relationship from productivity to total plant biomass, based on the assumption that total biomass is a function of rates of biomass production and biomass removal [17] . At sites with high total biomass, species co-occurrence should be limited [46, 47] , hence we expected a negative relationship between total biomass and observed species richness. We formulated no initial hypothesis for the relationship between productivity and observed species richness, but instead present opposing assumptions: (i) the relationship should be negative: high above-ground biomass allocation in productive communities leads to a competition for light, excluding competitively subordinate species [48, 49] ; (ii) the relationship should be significant, but without pre-formulated direction, as, following the hump-shaped model, the relationship between productivity and species richness should be highest at intermediate levels of productivity [4, 14, 50] ; (iii) there should be no relationship between productivity and observed species richness, following Adler et al.'s [15] conclusion of 'weak and variable' productivity-richness relationships [15] .
Results
The refined model had (a) Global model across all habitat types Both grazing and mowing had direct positive effects on disturbance and observed species richness, the latter not expected in the initial model ( figure 3a) . Productivity increased total biomass, and increasing biomass caused decreasing plant species richness. Contrary to our expectation (figure 2), disturbance negatively affected productivity. The expected direct negative effect of disturbance on total biomass was not significant, and the total effect, mediated through productivity, was weak (20.07). There was a negative relationship between productivity and species richness, although rather weak (total: 20.12, direct: 20.08): the more productive a habitat type, the fewer species are abundant-which follows the concept of competitive exclusion of subordinate species from a community [48, 49] .
(b) Separate models for each habitat type
The results of the multi-group model for habitat types indicated that grazing and mowing induced biomass loss (positive effects on disturbance, except for grasslands, where this relationship was insignificant). There were strong direct effects of management on plant species richness (curved arrows in figure 3b-d), indicating that indirect effects mediated by, for example, productivity hardly mattered. The model showed a generally positive relationship between disturbance and total biomass, i.e. the higher the removal of biomass due to grazing and/or mowing, the higher the accumulation of living and dead biomass. A causal path from productivity to total biomass was retained in dry grasslands and wetlands, while it was not significant in grasslands. Finally, total biomass had consistently negative effects on observed species richness in all three habitat types.
(i) Dry grasslands
The relationships between management type, biomass and species richness corresponded mostly with the initial model (figure 3b). Mowing exerted both direct and indirect effects on total biomass, so that its total effect was quite strong (0.56). Grazing had a strong direct effect on observed species richness, with no indirect effects supported by the data (table 1) . The expected positive relationship between disturbance and productivity was not supported by the data. Finally, the relationship between productivity and species richness was positive when total and direct effects were considered, and negative for indirect effects (table 1) .
(
ii) Grasslands
In grasslands, observed species richness was strongly positively affected by grazing, with only weak indirect effects of mowing (table 1 and figure 3c ). In addition, productivity did not exercise a significant influence on species richness. Overall, in grasslands, observed species richness was apparently mostly controlled by grazing (positively) and total biomass (negatively).
(iii) Wetlands
The effects of management regime on species richness were similar to those in grasslands: grazing increased species richness, whereas mowing only showed a weak effect; however, in contrast to grasslands, this effect was positive (figure 3d). Productivity decreased species richness, i.e. the more productive the habitat, the lower the species number. Hypothesized structural equation metamodel. We assumed that both grazing and mowing would create a disturbance (biomass loss) to plant communities, resulting in altered total biomass and annual net primary production. Differences in plant growth rates (i.e. productivity) would result in changes in total biomass. Total biomass was assumed to negatively influence species richness. We formulated no initial hypothesis for the productivityspecies richness relationship, but instead test three opposing assumptions, see text. Expected positive relationships are indicated by 'þ' and solid lines; negative by '2' and dashed lines.
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150284 (c) Feedbacks from richness to productivity Richness had negative partial effects on productivity in grasslands (20.16 ) and wetlands (20.14), while there was a positive effect of richness on productivity in dry grasslands (0.53). Note, however, that these relationships were part of a causal loop ( productivity -biomass-richness).
Discussion
In their recent publication, Grace et al. [13] encouraged the scientific community to 'focus on fresh, mechanistic approaches to understanding the multivariate links between productivity and richness' [13] . Indeed, there are various ecological drivers of plant species richness that cannot be accounted for using bivariate models alone, and this has been recognized by many studies [14, 16, [51] [52] [53] [54] . Our study used structural equation modelling to compare three habitat types managed by grazing and mowing to test an integrated causal hypothesis from management via total plant biomass and productivity to observed species richness. We found similarities between habitat types, but also opposing results, indicating that there might be both general patterns related to productivity-species richness relationships and habitat-specific dependencies.
Local management had strong effects on diversity. In our study, grazed plots were stocked with either cattle (53%), sheep (42%) or horses (5%). Herbivore effects on biodiversity have often been reported to be positive, reducing competitively superior species and thereby altering competition processes [3, 55, 56] . However, it should be noted that selective herbivory alone is not a sufficient criterion to increase plant biodiversity [57] . Contrary to grazing, mowing is a rather sudden event and rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150284 Table 1 . Standardized total, direct and indirect effects for the final models across all habitat types (upper part), for dry grasslands, grasslands and wetlands (lower part). All pathways are significant at p , 0.05. Dir.
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all habitat types disturbance is often used as a conservation measure to increase plant diversity in grasslands with thick litter layers suppressing the establishment of light-demanding forbs [58] . Our results mainly indicate positive effects of both grazing and mowing on total biomass (standing crop plus litter), mediated through disturbance as a measure of biomass removed from the system (but also one direct effect of mowing on total biomass in dry grasslands). These effects were pronounced in grasslands and dry grasslands, but almost absent in wetlands. In wetlands, inundation is another potential source of disturbance [59, 60] , which might have had additional effects on total biomass. Although effects of management type on total biomass were similar between dry grasslands and grasslands, effects on productivity differed between the habitat types: they were non-significant in dry grasslands, positive in grasslands and negative in wetlands. One particular reason for the lack of an effect in dry grasslands could be that disturbance intensity in these systems is comparatively low, and sites are often more strongly nutrient and water limited. A comparative study between heathlands and pastures [38] revealed that the two communities showed similar relationships on the plant trait level (allometries and trade-offs); however, trait effects on carbon-related ecosystem properties (e.g. total biomass or productivity) differed due to the different environmental drivers affecting them (nutrients and disturbance).
The effects of management on species richness were mostly direct and positive. Indirect effects of management mediated through biomass, if present, were low and mostly negative. This is in concordance with the study by Grace et al. [13] , who tested the effects of grazing on species richness via structural equation modelling and found a pronounced direct effect of grazing (negative), but only a very small indirect effect through total biomass. These results indicate that management, at least in the habitat types of our study, mostly exerts direct effects on species richness, whereas indirect effects of management mediated through biomass are negligible. This concurs with the results of Grace et al. [13] and is inconsistent with predictions that biomass conveys the effects of disturbance, stress and dominance.
We did not formulate a hypothesis about the relationship between productivity and species richness in the initial model, but allowed this relationship to be negative, neutral or positive [4, 14, 15, 48, 50] . Direct and total effects of our analyses showed that all three possibilities occurred: a negative relationship was found in wetlands; a significant positive relationship was found in dry grasslands; and in grasslands, the relationship was insignificant. One reason for these contrasting results may be that the relationship between productivity and species richness is habitat dependent: salt marshes, reeds and wet meadows (summarized as wetlands) are highly productive systems, yet with a low species number ( positive to zero and negative slopes [61] . The model across all habitat types revealed a weak negative relationship between productivity and species richness because opposing effects from the three habitat types overlapped and interacted. Finally, in our additional model with a causal path from richness to productivity, we found evidence for a positive effect of richness on productivity in dry grasslands (in line with [16] ), and inconclusive effects in grasslands and wetlands. A potential explanation could be that these systems are at the lowest end of productivity and exposed to more harsh environmental conditions (drought, nutrient limitation), causing positive relationships among richness and productivity in both directions. As these models are statistically equivalent, only experiments could help elucidate these points further.
The results of our study provide valuable information on the theoretical understanding of ecosystem processes, but might also aid in developing management strategies for conservation purposes. The first step for articulating management strategies is formulation of conservation goals, which differ depending on the habitat considered. For example, increase in species richness in dry grasslands (including heathlands) as a management goal would be highly unfortunate, as a higher species number may be a result of exotic species (in the sense of non-native and/or non-heathland species) invading the ecosystem. A low species number or, in doubt, a reduction of species richness would most probably preserve the natural plant community in heathlands. Here, our study showed that this goal is best achieved directly by an increase in total biomass, rather than an increase in productivity, and indirectly through mowing, rather than grazing. An increase in species richness in grasslands is best achieved by a direct grazing management selectively excluding species from the regional species pool, whereas an increase in total biomass induces a decrease in species richness. Lastly, biomass-related ecosystem properties (total biomass and productivity) in wetlands lead to a decrease in species richness. If conservation management targets an increase in species richness in wetland habitats, our study identified grazing as the measure best suited, but with effects that are less strong than in dry grasslands. Overall, biodiversity management should aim at system-specific levels of biodiversity.
Our analyses did not account for all parameters affecting biomass-species richness relationships (for instance, soil nutrient conditions, soil water availability, disturbance by inundation, etc.); nor did we take any other species diversity indices into account (for instance Shannon-Wiener diversity index or evenness). However, we have made an empirical step towards a more mechanistic approach than simple bivariate analyses.
In summary, we have shown that (i) the effects of total biomass on species richness were more pronounced than those of productivity and (ii) the effects of disturbance were not mediated through biomass, but grazing and mowing influenced species richness directly. Remarkably, the effects of productivity were habitat-dependent, being either negative, positive or neutral, potentially representing distinct sections of a hump-shaped relationship between productivity and species richness. Productivity-diversity relationships differed among systems, but these were only part of a larger orchestra of interacting drivers. 
